INTRODUCTION
The synthetic antibiotic 4',6-diamidino-2-phenylindole (DAPI) (Fig. 1) is one of the most used fluorescent dyes for DNA and chromosomes (1) (2) (3) (4) (5) (6) (7) (8) . Several papers have elucidated the type of interaction with nucleic acids and it is now generally accepted that DAPI shows at least two primary modes of binding to DNA (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . The first mode is mainly characterized by a strong binding affinity, high specificity for AT clusters and a marked increase in DAPI fluorescence quantum yield. The second mode, which is not sequence specific, shows weaker binding affinity than the first one and produces a decrease in DAPI fluorescence quantum yield. While the first type of binding has been characterized by spectroscopic and X-ray studies as a minor groove interaction, the second is still the object of discussion and both intercalation and major groove binding modes have been proposed. The studies of Wilson et al. on G:C or mixed base pair sequences indicate an intercalation binding mechanism by analogy with classic intercalators (9) (10) (11) . Their conclusions are supported by several strands of experimental evidence: unwinding results with supercoiled DNA, viscosimetric and NMR titrations, dissociation kinetics experiments, effects on bleomycin cleavage of DNA and binding studies. On the other hand, in a recent study Kim et al. excluded both minor groove and standard intercalation binding of DAPI in poly[d(GC)]2 and proposed an interaction of the drug in the major groove of the polymer (17) . Their conclusions are based on the observation that upon binding with poly[d(GC)]2, DAPI molecules show a relatively large accessibility to the I2 quencher, a decrease in fluorescence intensity and linear dichroism spectra that are compatible only with a major groove binding mechanism. Moreover, they have recently reported that DNA oligomers containing non-contiguous A:T base pairs show the same mode of binding found for GC sequences (16) . In this paper we report a NMR study of the interaction of DAPI with [d(CGACGTCG)h to elucidate the mode of binding of the drug to DNA sequences that do not contain contiguous A:T base pairs.
MATERIALS AND METHODS

Sample preparation
The DNA oligomers were synthesized with a Gene Assembler Plus (Pharmacia LKB) instrument on the 10 \iM scale. After deprotection, the oligonucleotides were purified by extraction with 0.5 vol. chloroform:isoamyl alcohol (24:1) and successively by 2 vol. diethyl ether. Finally, the DNA oligomers in 0.5 M NaCl solution were precipitated by 2 vol. ethanol at-20°C and desalted by chromatography on Sephadex G-10. 'H-NMR spectroscopy was used to evaluate the absence of impurities. The DNA concentration expressed as duplex was determined spectrophotometrically at 260 nm and 80°C (24) . DAPI was obtained from Sigma and was used without further purification. The purity of the dmg was checked by 'H-NMR and its concentration was measured spectrophotometrically using 6342 = 23000/M/cm (3). Samples of free oligonucleotide were suspended in 50 mM NaCl and buffered with 10 mM sodium phosphate at pH 7.00 in 100% H-N © 
NMR spectroscopy
NMR spectra were obtained using Bruker AM 400 and Bruker AMX 600 instruments operating at 400 and 600 MHz respectively. Experiments in D2O and H2O solutions were carried out at different temperatures to point out the dependence of spectral features on dynamic processes and to separate overlapping drug and DNA resonances. D2O and H2O one-dimensional NMR spectra were run at 400 MHz using a 90° pulse length of 5.8 (is over -5000 and 10000 Hz spectral widths respectively and accumulated in 16 or 32K of memory with the carrier frequency centered on the water resonance. Resolution enhancements were applied using both the shifted sine-bell and the Lorentz-Gauss transformation. The p.p.m. scale was referenced to tetramethylsilane, assuming residual protonated water HDO as 4.76 p.p.m. Titration experiments were performed by adding small concentrated volumes of drug solution (8 mM) to the DNA sample (0.2 mM in duplex) and, for every drug:duplex ratio, two spectra at different times were acquired to check the stability of the interaction.
Correlation two-dimensional NMR spectra were performed at 400 MHz by using double quantum filtered (DQF) COSY (25) , primitive exclusive (PE) COSY (26) and TOCSY with a MLEV-17 pulse sequence to. substitute for the spinlock period (27, 28) . Dipolar through-space interactions were detected at 400 and 600 MHz by NOESY experiments (29) at different mixing times of 60,250,300 and 400 ms. Two-dimensional NMR spectra were typically recorded from 400-700 experiments over 2K of memory in phase-sensitive mode using TPPI (30) . rc/3 shifted sine-bell or n/2 shifted squared sine-bell window functions were applied in both directions. Suppression of the water signal in oneand two-dimensional spectra of H2O samples was obtained with a 1-1 spin echo pulse sequence 90 x -t-90_ x -A-90,), -2/ -90^, -A-AQ (31) . To optimize solvent suppression and the excitation profile of the 1-1 echo sequence, the carrier frequency was adjusted to the water resonance; A = 50 us and / = 220 or 80 |os were used for DNA alone or complex respectively. Moreover, a short homospoil (1.5-10 ms) was applied during the mixing time of NOESY experiments.
All data were processed on a Digital VaxStation 2000 graphic terminal using the TRITON NMR software of the NMR Group of the Department of Organic Chemistry, University of Utrecht, The Netherlands (32). The assignment of proton resonances of the [d(CGACGTCG)]2 oligomer was performed by following the well-established procedures described in the literature (33) (34) (35) (36) (37) (38) (39) . NOESY spectra at long mixing times (250-300 ms) were used for the sequential assignments of H6, H8, CH 3 , H2' and H2". The other resonances of deoxyribose spin systems were assigned by a combined analysis of NOESY, TOCSY and DQF COSY spectra. H5 resonances of cytosines were identified by strong scalar and dipolar contacts with the intranucleotide H6 protons. The H4 amino proton resonances of cytosines were assigned from the intranucleotide NOE to H5 resonances. The H1 imino resonances of guanines were identified from interstrand dipolar contacts with cytosine amino groups and, finally, imino proton T6H3 was assigned from its NOE to the H2 proton of A3. The correct assignment of imino protons was supported by their sequential NOEs. Guanine and rhymine amino protons were not assigned. The chemical shifts and the individual assignments of the d(CGACGTCG)]2 proton resonances are reported in Table 1 .
The conformation of the DNA octamer was evaluated as already described (21), by considering the intensities of intra-and internucleotide NOEs, measured from NOESY spectra acquired with a 60 ms mixing time, and the values of vicinal coupling constants of deoxyribose ring protons measured either by analysis of cross-peak fine structures in the PE COSY spectrum or, directly, in resolution-enhanced one-dimensional NMR spectra (26, (40) (41) (42) (43) (44) . NOE intensities ( Fig. 2A) , as well as the values of vicinal coupling constants (7.9 < ^Jv-x < 10.2, 5 < 3 J\'-2" < 6.4 and, excluding G8, ^Jx'-y < 2), clearly indicate that the conformation of [d(GCGATCGC)]2 belongs to the general B-type family. The possible existence of a single-stranded form or left-handed conformation of the double-stranded DNA were ruled out by the observation of NOESY cross-peaks between guanine H1 and cytosine H4 and very weak or no intranucleotide NOEs between HI' and H8 resonances of purines in NOESY spectra at short mixing times respectively. 
Resonance assignment and DNA conformation in the DAPHd(CGACGTCG)] 2 complex
The spectral behavior of DNA resonances in titration experiments with DAPI indicates that free and bound species at 26 "C are in a fast or moderately fast exchange on the NMR timescale.
Moreover, the resonances of non-labile DNA protons upon addition of DAPI show slight broadening, with the exception C4H1' and C4H5, which appear sensitively broadened also at low DAPIrduplex ratios. Due to the low intensity of the broad DAPI resonances we focused our study on the DAPI:duplex ratio 2:1, rather than a DAPIrduplex ratio of 1:1. Complexes with a DAPI:duplex ratio more than -2 were not stable and the drug in excess, which appeared insoluble, was eliminated by centrifugation. Due to the dynamics of the interaction, the 400 MHz instrument was preferred to the 600 MHz instrument for the study of intermolecular interactions. The DNA resonances in the complex were assigned by the same procedure reported for DNA alone and by following changes in titration experiments. Figure 3 shows the sequential assignment of DNA resonances in the complex using NOE connectivities between base H6/H8 and H17H5/H27H2"/Me. The complete assignment of the resonances is reported in Table 1 .
The B-type conformation of [d(CGACGTCG)]2 does not appear strongly altered upon binding with DAPI. In fact, *J\'-z; J\'-2" and 3 ./2"-3' vicinal coupling constants do not show changes; only those related to the C4 nucleotide were not measured due to the large linewidth of the C4H1' signal. As shown in the spectra of Figure 2 , no variations were evident for all the intranucleotide dipolar connectivities between H6/8 and H2'. However, sequential NOE connectivities between H2" and H6/8 resonances clearly appear weak in 5'-ClG2-3', 5'-C4G5-3' and 5'-C7G8-3'. This effect of binding was particularly evident in the case of 5'-C4G5-3' and was also clearly observed in the NOESY spectrum acquired with a mixing time of 300 ms (Fig. 3) .
All the DAPI resonances in the complex at 26 °C show exchange dynamics in the fast-intermediate range and appear strongly upfield shifted and broadened upon binding. The assignment of the proton chemical shifts of the drug resonances in the complex was performed as already described (21) . The H7 indole resonance was identified from its NOE to the NH indole resonance and from scalar long-range interaction with H5 observed in TOCSY experiments. As previously observed for free (11) and minor groove-bound DAPI (21) 
NMR of exchangeable protons of the DAPHd(CGACGTCG)] 2 complex
One-and two-dimensional spectra of exchangeable protons were performed at 400 MHz and the resonances were assigned from the analysis of NOESY spectra acquired at 7, 12 and 26°C. As reported for DNA alone, the assignment was performed by following NOE connectivities between cytosine amino groups and both intranucleotide H5 and interstrand guanine imino resonances. The thymine imino resonance was assigned from its strong interstrand NOE to the A3H2 resonance. The results were checked by a comparative analysis with the free [d(CGACGTCG)]2 and by following the temperature changes of imino proton signals. The assignments are reported in Table 1 .
Upon binding with DAPI, the resonances due to imino protons of DNA appear strongly perturbed. As can be seen from the spectra of Figure 4 , at 40°C only the imino proton resonances of G2, G5 and T6 are observable. Due to the thermally induced end fraying of the double helix, the G8H1 signal is lost and becomes easily observable only at lower temperatures. With the exception of G8H1, the spectrum at 40° C clearly shows that the linewidths of the imino proton resonances increase from the ends to the center of the oligonucleotide sequence: G2H1 < T6H3 < G5H1. This effect cannot be simply attributed to a different rate of chemical exchange with water protons. In fact, lowering the temperature causes first a broadening of T6H3 and G5H1 resonances and then, at 7.5°C, splitting of each of these resonances into two slow exchanging resonances that become sharper and sharper as the temperature is further lowered. Therefore, this effect of binding on the linewidth of the imino resonances is prevalendy caused by the rate of exchange and the size of the chemical shift change between the free and bound species. At 3°C the upfield resonance at 11.74 p.p.m. of G5H1, as well as the resonance of T6H3 at 13.49 p.p.m. of the complex, show marked upfield shifts of about 1 and 0.5 p.p.m. respectively, compared with the respective resonances of the free DNA. A marked upfield shift was also observed for the G8H1 resonance (-0.5 p.p.m.) but, differently from the G5H1 and T6H3 resonances, no splitting was evident in the same range of temperature. Considering that no resonance of the G8H1 free form is observed at both 1:1 and 2:1 DAPI:duplex ratios and that the resonance is further shifted upfield as the ratio is increased from 1:1 to 2:1, we conclude that the dynamics of binding is a fast exchange regime for G8H1. The G2H1 imino resonance appears less perturbed upon binding. This resonance is relatively sharp, upfield shifted 0.2 p.p.m. and no splitting was observed upon change of temperature.
Drug-DNA intermolecular dipolar contacts
The analysis of NOESY spectra of the complex shows a number of dipolar connectivities between drug and DNA protons. Owing to the line broadening of DAPI resonances and the overlapping of both drug and DNA resonances, the assignment of NOESY cross-peaks was not always unambiguous. The strongest intermolecular NOEs and the only ones observed in the NOESY experiments at short mixing time (60 ms) were found between H5 and H37H5' resonances of DAPI and H47575" resonances of DNA, as shown in Figure 5 (peaks 4 and 5 respectively). The analysis of the NOESY spectra at different temperatures led us to exclude strong interactions of DAPI protons with H47575" of C1, G2 and A3 nucleotides, whereas correlations with at least one resonance of H47575" of G8 as well as G5 can be assigned safely. In NOESY spectra at long mixing times (400 ms), intermolecular NOEs were also observed between the H37H5' resonance of DAPI and the DNA resonances of C7H2" and C1H2" (peak 2 in Fig. 5 ), MeT6 (peak 1 in Fig. 5 ), G5H8 and G8H8 (peaks marked A in Fig. 6 ) and the overlapping resonances T6H6/C4H6 (peak B in Fig. 6 ) and C7H17C4H1' (peak 6 in Fig. 5) . The C7H17C4H1', C7H2", C1H2" and T6H6/C4H6 DNA resonances show NOEs also to the H5 and H27677 DAPI resonances (peaks 6, 7, 2 and 3 of Fig. 5 and peaks B and C of Fig. 6 ). Moreover, a weak NOE was found between DNA T6H1' and DAPI H27677 (peak 8 in Fig. 5 ). NOESY spectra, carried out in H2O solution at 12°C and with a mixing time of 210 ms, show intermolecular NOE between the NH indole resonance of DAPI and DNA resonances assigned to the ClH4b and C4H4b amino protons (peaks A and B in Fig. 7 respectively) . Furthermore, as can be seen from the spectrum of Figure 7 , the DAPI NH indole resonance shows NOESY cross-peaks with the overlapping C4H17C7H1' DNA resonances (peak C) and with resonances that fall in the H47575" and H272" regions of the DNA spectrum (peaks D and E in Fig. 7 ). The assignment of these last DNA resonances to the respective nucleotides was not feasible, because of broadening and consequent overlap of the resonances due to the low temperature of the experiments.
DISCUSSION
Effects of binding on DAPI resonances
It has been reported that DAPI exhibits at least two different modes of binding to DNA that are easily distinguished one from the other by a marked difference in the chemical shift of the drug proton NMR resonances. The first mode is found to be a minor groove (21) . This finding is consistent with spectrophotometric results previously reported for binding of DAPI with oligonucleotides containing a variable number of contiguous A:T base pairs (16) and alternating DNA polymers poly(dAC)poly(dGT) and poly(dAG)poly(dCT) (9) (10) (11) 23) .
The strong upfield shift of the drug resonances was also observed in our preliminary studies of binding of DAPI with single-stranded DNA oligomers (data not shown). This result demonstrates that the presence of intact grooves of doublestranded DNA is not necessary for upfield shifting of the drug resonances and suggests that intercalation or an external backbone interaction, but not groove binding, could be the DAPI mode of binding with single-stranded as well as double-stranded DNA without contiguous A:T base pairs.
Effects of binding on [d(CGACGTCG)] 2 resonances
All the proton resonances of [d(CGACGTCG)] 2 appear upfield or non-shifted upon binding with the drug. In the minor groove binding of DAPI with [d(GCGATCGC)] 2 previously reported (21), the strongest shifts of DNA resonances were observed for protons lying in the minor groove. In contrast, in the complex examined in this work, the strongest upfield shifts were observed for the resonances of imino protons. As expected in the case of intercalation of DAPI molecules in the central couple of base pairs C4:G5, a strong reduction of sequential NOEs between G5H8 and C4 deoxyribose protons and a strong upfield shift of about 1 p.p.m. of the G5H1 resonance were observed (45) . Moreover, C4H1', as well as C4H5, appear markedly broadened compared with the other non-labile proton resonances of DNA. Since this effect involves protons of C4 exposed in the minor and major groove and is to be attribuited to a large difference in the chemical shift between the free and bound forms, this is also consistent with intercalation of the drug in the central couple of base pair C4:G5.
At low temperature the integrated intensity of the upfield resonance of G5H1 shows the same value as measured for the upfield resonance of T6H3. This suggests that the shift of the T6 imino resonance (-0.5 p.p.m.) has to be attributed to an effect of the near 5'-C4G5-3' intercalation site. Such an effect was also observed with the classic intercalator ethidium bromide (46) .
The strong upfield shift of the G8H1 resonance and the low intensity of sequential NOEs between the protons of Cl and G2 and C7 and G8 indicate that the last two base pairs at the ends of the palindromic oligomer are also sites of intercalation. The presence of this second binding site is supported by another observation. In the complex at temperatures below 7°C G8H1 shows a single averaged resonance, while two separate slow exchanging resonances appear for both the T6 and G5 imino protons. Since the difference in chemical shifts between free and bound species is higher for G8H1 (8bo Un d -&fne > 212 Hz) than T6H3 (oboumi -5free = 180 Hz), these different effects cannot be due to a single binding of the drug to the DNA oligomer. Therefore, we conclude that DAPI binds [d(CGACGTCG)] 2 in at least two different sites with different exchange rates. The first binding causes the most evident effects on the imino chemical shifts of the central base pairs of the DNA octamer and shows a slow exchange rate on the NMR timescale. The second causes a major alteration in the imino chemical shift of the terminal base pairs and exhibits a faster exchange rate than the first one. The thermally induced instability of the double helix in correspondence with the extreme base pair Cl :G8, as indicated by the fast exchange of its imino proton with water, explains the relatively weak influence of this last interaction on the G2H1 resonance, which appears less upfield shifted and narrower than the G5H1 resonance.
Intermolecular NOEs
The intermolecular NOEs observed between the drug and the DNA protons are also consistent with an intercalation binding mechanism. The possibility that DAPI binds the oligomer only in the major groove was ruled out by the evidence that phenyl and indole groups of the drug are exposed in the minor groove of the DNA oligomer. This is shown by the strong NOEs observed between DAPI protons H375' and H5 and DNA protons H47575" that lie in the minor groove. Such NOEs appear the strongest intermolecular dipolar contact between the drug and DNA and the only ones observed in NOESY spectra acquired with a short mixing time (60 ms). In agreement with intercalative binding of the drug at the central and terminal 5'-CG-3' bases, several intermolecular NOEs involving DNA protons of the C4:G5, C7:G2 and C1:G8 base pairs that are exposed in both the grooves were observed.
However, a fine evaluation of the structure of the complex from intermolecular NOEs was precluded by the resolution of the spectra and the dynamics of the interaction. In particular, several intermolecular NOEs were not assigned to individual protons, due to the broadening and overlapping of drug and DNA resonances. This appears particularly evident for all the NOEs involving drug protons of the phenyl ring or H7 of the indole group, which were not unambiguously assigned. Furthermore, the moderately short lifetime of the interaction causes both a large broadening of the drug resonances and a decrease in the effective time of intermolecular contacts with respect to the nominal mixing time of the NOESY experiments. Both these effects strongly reduced the intensities of DAPI-DNA NOEs. Almost all the intermolecular NOEs were observed only at long mixing times, where non-negligible effects of spin diffusion on NOE intensities occur. In addition, since the free and bound species are in fast exchange on the NMR timescale, the free rotation of the phenyl ring around the phenyl-indole bond, which occurs in free DAPJ (10), has to be considered. This rotation alternatively brings H2' or H6' near to the H3 and NH indole protons and NOEs between DNA and these phenyl protons can be transferred to the other side of the drug molecule as a combined effect of rotation and spin diffusion. This argument explains the fact that the NH indole resonance of DAPI shows NOE to the overlapping DNA resonances of C4H1' and C7H1', as well as H47575", protons exposed in the minor groove and the resonances of H272", C1H4 and C4H4 protons that belong to the major groove. However, we cannot exclude the possibility that these effects could also be due to another binding mechanism in dynamic equilibrium with the intercalated molecules.
A molecular modeling of DAPI intercalated at a CG site of DNA has been proposed by Wilson et al. (10) , in which they also discuss the effects of intercalation on the NMR resonances of DAPI. In the model the H5 and H5' of DAPI are oriented towards the H5' protons of DNA, in agreement with our findings obtained with NOEs at short mixing time.
CONCLUSION
Our study shows that DAPI binds the DNA oligomer 
